We have recently developed a simple, reusable and coupled whole-cell biocatalytic system with the capability of cofactor regeneration and biocatalyst immobilization for improved production yield and sustained synthesis. Described herewith is the experimental procedure for the development of such a system consisting of two E. coli strains that express functionally complementary enzymes. Together, these two enzymes can function co-operatively to mediate the regeneration of expensive cofactors for improving the product yield of the bioreaction. In addition, the method of synthesizing an immobilized form of the coupled biocatalytic system by encapsulation of whole cells in calcium alginate beads is reported. As an example, we present the improved biosynthesis of L-xylulose from L-arabinitol by coupling E. coli cells expressing the enzymes L-arabinitol dehydrogenase or NADH oxidase. Under optimal conditions and using an initial concentration of 150 mM L-arabinitol, the maximal L-xylulose yield reached 96%, which is higher than those reported in the literature. The immobilized form of the coupled whole-cell biocatalysts demonstrated good operational stability, maintaining 65% of the yield obtained in the first cycle after 7 cycles of successive re-use, while the free cell system almost completely lost the catalytic activity. Therefore, the methods reported here provides two strategies that could help improve the industrial production of L-xylulose, as well as other value-added compounds requiring the use of cofactors in general.
Introduction
Reductive whole-cell biotransformation using microorganisms has become a widespread method for the chemo-enzymatic synthesis of commercially and therapeutically important biomolecules [1] [2] [3] . It presents several advantages over the use of isolated enzymes, especially the elimination of cost-intensive downstream purification processes and the demonstration of an extended lifetime [4] [5] [6] [7] . For biocatalytic pathways where cofactors are required for product formation, whole-cell systems have the potential to provide in situ cofactor regeneration via the addition of inexpensive electron-donating co-substrates 5, 8, 9 . However, this capacity is diminished for reactions that require a stoichiometric concentration of rare or expensive co-substrates [10] [11] [12] [13] . Together with poor reusability of whole cells, this impedes the establishment of a scalable and continuous production system. Strategic modifications of whole-cell systems for these cofactor-dependent biotransformations are required to overcome the aforementioned limitations. Specifically, the combination of whole-cell biocatalysts that work cooperatively have been shown to significantly enhance the productivity and stability of the harbored enzymes 14 . These factors, which are often critical for enabling large-scale production of commercially viable products, can be optimized further by co-immobilizing biocatalytic microbes 15 . We have recently developed a simple and reusable whole-cell biocatalytic system that allows both cofactor regeneration and biocatalyst immobilization for the L-xylulose production 16 . In this study, this system was utilized as an example to illustrate the experimental procedures of applying these two strategies for improved biotransformation production yield and biocatalyst reusability.
L-xylulose belongs to a class of biologically useful molecules named rare sugars. Rare sugars are unique monosaccharides or sugar derivatives that occur very rarely in nature, but play crucial roles as recognition elements in bioactive molecules 17, 18 . They have a variety of applications ranging from sweeteners, functional foods to potential therapeutics 19 . L-xylulose can be used as a potential inhibitor of multiple α-glucosidases, and may also be used as an indicator of hepatitis or liver cirrhosis 17, 20 . High efficiency conversion of xylitol to L-xylulose in whole-cell systems has been reported previously in Pantoea ananatis 21, 22 , Alcaligenes sp. 701B 23 , Bacillus pallidus Y25 24, 25 and Escherichia coli 26 . In E. coli, however, it was achieved only using low (<67 mM) xylitol concentrations 26 due to potential inhibitory effects of an initial xylitol concentration higher than 100 mM on xylitol-4-dehydrogenase activity 21, 26 . The thermodynamic equilibrium between xylulose and xylitol has been shown to strongly favor the formation of xylitol 25, 27 . Additionally, xylulose yield is limited by the amount of expensive cofactors that have to be supplied in the absence of an in situ cofactor regeneration system. Together, these factors limit the potential for scaling into sustainable systems for Lxylulose biosynthesis.
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To overcome these limitations and improve the L-xylulose biotransformation yield, the strategy of cofactor regeneration was employed first by establishing a coupled whole-cell biocatalytic system. Specifically, L-Arabinitol 4-dehydrogenase (EC 1.1.1.12) from Hypocrea jecorina (HjLAD), an enzyme in the L-arabinose catabolic pathway of fungi, was selected to catalyze the conversion of L-arabinitol into L-xylulose 28, 29 . Like many biosynthetic enzymes, a major limitation of HjLAD is that it requires a stoichiometric amount of the expensive nicotinamide adenine dinucleotide cofactor (NAD + , the oxidized form of NADH) to carry out this conversion. NADH oxidase found in Streptococcus pyogenes (SpNox) has been shown to display high cofactor-regeneration activity 30, 31 . Taking advantage of this attribute of SpNox, E. coli cells expressing HjLAD for the production of L-xylulose were coupled with E. coli cells expressing SpNox for the regeneration of NAD + to boost the L-xylulose production depicted by the coupled reaction shown in Figure 1A . Under optimal conditions and using an initial concentration of 150 mM L-arabinitol, the maximal L-xylulose yield reached 96%, making this system much more efficient than those reported in literature.
The strategy of whole-cell immobilization was employed next to further enhance the reusability of the coupled biocatalytic system. Commonly used methods for whole-cell immobilization include adsorption/covalent linking to solid matrices, cross-linking/entrapment and encapsulation in polymeric networks 32 . Among these approaches, the most suitable method for cell immobilization is encapsulation in calcium alginate beads. Their mild gelation properties, inert aqueous matrix and high porosity help preserve the physiological properties and functionality of the encapsulated biologicals 33 . Therefore, the coupled biocatalyst system containing both E. coli cells harboring HjLAD or SpNox was immobilized in calcium alginate beads to enable multiple cycles of L-xylulose production (Figure 2) .The immobilized biocatalyst system demonstrated good operational stability, maintaining 65% of the conversion yield of the first cycle after 7 cycles of successive re-use, while the free cell system almost completely lost its catalytic activity. solution in a 100 ml beaker with continuous stirring. Note: The volume of CaCl 2 solution used for alginate bead formation should be enough for the alginate droplets to be completely submerged. Additionally, the distance between the syringe needle and the surface of the calcium chloride solution must be maintained within an optimal range to ensure formation of uniformly spherical beads. The optimum distance range can be determined experimentally and depends on the inner diameter of the needle. As an estimate, a distance of ~15 ± 5 cm was found to be optimal for a 0.6 cm (inner diameter) syringe needle. 4. Leave the beads in the CaCl 2 solution for 2 -3 hr at RT without stirring to allow crosslinking and gel beads formation. 5. Decant the CaCl 2 solution without disturbing the beads by carefully pouring the CaCl 2 solution into a 50 ml conical tube, and transfer the remaining beads in CaCl 2 solution into another 50 ml conical tube. 6. Wash the beads with 10 ml of 50 mM Tris-HCl (pH 8.0) buffer three times to remove excessive CaCl 2 and un-encapsulated cells.
Protocol

Whole-cell Biocatalysts Preparation
NOTE: At any given step, do not centrifuge the beads as doing so will rupture them. To separate the beads from solution, allow the suspension to stand undisturbed for 3 -5 min. The beads will settle at the bottom and the wash buffer can be decanted into another container.
1. Do not discard the used wash buffer. Pool the used Tris-HCl wash buffer (30 ml) with the used CaCl 2 solution collected from step 4.5.
7. Pellet the un-immobilized E. coli cells by centrifugation of the pooled CaCl 2 and Tris-HCl solution collected from step 4.6 at 3,200 x g for 20 min. To determine the immobilization efficiency, calculate the density of the pelleted un-encapsulated cells in gDCW/L as described in step 2.1. 8. Transfer the washed beads from step 4.6 into a tube. Follow steps 2.2 -3.4 to evaluate the L-xylulose biosynthesis using all of the washed beads in place of cell pellets.
Stability Assay of Immobilized Biocatalysts for L-xylulose Production
1. Collect the beads from step 4.8 and wash twice with 10 ml of 50 mM Tris-HCl (pH 8.0) buffer without centrifugation (as described in Step 4.6).
2. Use all of the washed beads to perform the reaction as described in steps 2.2 -3.4. 3. Repeat steps 5.1 -5.2 for desired number of production cycles and measure the amount of L-xylulose produced in the reaction supernatant in each cycle.
Representative Results
To enable cofactor regeneration, L-xylulose synthesis was carried out in a coupled whole-cell biocatalytic system containing E. coli HjLAD and E. coli SpNox cells. Following the optimization of various parameters, the reusability of this system was improved by immobilizing it in calcium alginate beads (Figure 2 ).
L-xylulose Production with Cofactor Regeneration by Coupling E. coli HjLAD and E. coli SpNox cells.
To enhance the bioconversion of L-arabinitol into L-xylulose, the E. coli HjLAD and E. coli SpNox cells were coupled to enable cofactor regeneration.
To account for the differences in the protein expression and cofactor availability in E. coli SpNox and E. coli HjLAD cells, a comparison study of the L-xylulose yield at various E. coli SpNox -to-E. coli HjLAD ratios was performed. As shown in Figure 1B , the yield increased as the E. coli SpNox -to-E. coli HjLAD ratio increased from 0.13:1 to 1:1. The yields obtained for ratios 1:1 and 1.33:1 were equivalent and maximal for this coupled system. All further experiments were performed with the E. coli SpNox -to-E. coli HjLAD ratio of 1:1. Starting with an initial concentration of 150 mM L-arabinitol, the use of E. coli HjLAD biocatalyst alone produced 118 mM L-xylulose after 8 hr (saturation point for L-xylulose concentration), representing a yield of 79% ( Figure 1C) . In comparison, the use of the E. coli HjLAD and E. coli SpNox cells at a 1:1 ratio produced 144 mM L-xylulose, improving the yield to 96%.
Optimization of Whole-cell Biocatalyst Immobilization
Immobilization of biocatalysts in calcium alginate beads offers many advantages, such as improved viability, as a result of the mild gel environment that protects the cells from the physical stresses in a bioreactor. The properties of these alginate beads is largely determined by formulation and processing parameters 34 . To optimize the production yield of L-xylulose by an immobilized form of the coupled whole-cell biocatalyst described above, two main parameters, namely sodium alginate concentration and CaCl 2 concentration, were evaluated. These are the main parameters that determine the integrity and rigidity of the calcium alginate beads, which in turn affect the biocatalyst immobilization efficiency and molecular diffusion.
As shown in Figure 3A , the biocatalyst immobilization efficiency demonstrated an increasing trend with increasing sodium alginate concentration in the range of 1 -3% (w/v). When the sodium alginate concentration used in the immobilization matrix was less than 1%, the resulting beads were fragile and easily broken due to low mechanical stability, releasing most of the cells into the surrounding CaCl 2 solution (data not shown). Upon increasing the sodium alginate concentration to greater than 2%, the resulting beads hardened excessively leading to problems in molecular diffusion 35 To maximize the biocatalyst immobilization efficiency without significantly slowing down the molecular diffusion in the calcium alginate beads, the sodium alginate and CaCl 2 concentration were optimized next for improved L-xylulose production. Using the same concentration range as for immobilization efficiency (1 -3% w/v sodium alginate and 0.1 -0.4 M CaCl 2 ), an optimal sodium alginate concentration of 2% was observed to achieve maximal yield of L-xylulose production ( Figure 4A ). Beyond this optimal concentration, the yield showed a decreasing trend. This was expected, owing to the issues in diffusion associated with the excessive rigidity of the calcium alginate beads. Similarly, the optimal CaCl 2 concentration was found to be 0.3 M (Figure 4B ). Combined with the data shown in Figure 3 , the optimal sodium alginate concentration (2%) and CaCl 2 concentration (0.3 M) that allowed the formation of beads with suitable rigidity and permeability was established, enabling minimal cell leakage and maximal L-xylulose production yield.
It should be noted that, another factor that affects the overall catalytic efficiency of the immobilized biocatalyst is the weight of the cell culture encapsulated. The catalytic efficiency increases with increasing cell inoculum up to an optimal inoculum weight, beyond which it shows a decreasing trend 37 . A possible explanation for this decrease is cellular overcrowding, which hinders molecular diffusion throughout the calcium alginate beads and decreases the catalytic efficiency of the system. Using the optimized immobilization condition above, the highest L-xylulose production was obtained with a cell loading of 3.75 (gDCW)/L 16 (data not shown).
Reusability of the Immobilized and Free Whole-cell Biocatalysts for L-xylulose Production.
Using the established optimized condition of 1:1 E. coli SpNox to E. coli HjLAD ratio, 2% (w/v) sodium alginate, and 0.3 M CaCl 2 , the immobilized coupled whole-cell biocatalyst output a maximal L-xylulose yield of 64%, compared to a much higher yield of 96% for the free coupled whole-cell system (cycle 1 of Figure 5 ). Note that the yield of immobilized E. coli HjLAD cell alone was only 32.5% (data not shown), lower than that of the immobilized coupled system as well as the free single biocatalyst system (79%, Figure 1C ). This reduction was expected as immobilization is known to decrease the activity of biocatalysts, possibly due to substrate diffusion limitations, but was compensated by the advantage of improved reusability of a biocatalyst upon immobilization. This effect on the stability of the biocatalyst is demonstrated by the decreasing trend in L-xylulose yield observed on subjecting the free and immobilized systems repeatedly to a batch reaction process, shown in Figure 5 . The yield for the free system showed a much steeper decline than that of the immobilized system, indicating a more rapid loss of enzyme activity in the free system. As a result, both systems had a comparable L-xylulose yield for production cycle 2. At the end of 7 cycles of successive re-use, the encapsulated biocatalysts maintained their stability and retained 65% of the original yield while the free whole-cell system retained less than 10% of its ability to produce L-xylulose. This demonstrates that the immobilized biocatalysts could be reused effectively for the production of L-xylulose and that the benefit of improved reusability and stability brought on by immobilization far outweighs the reduction in activity of the biocatalyst, conferring a significant advantage to the production process over a free whole-cell system. 
Discussion
Recent technological advancements have enabled a surge in the commercialization of recombinant biotherapeutics, resulting in a gradual rise in their market value in the biotechnology industry. One such advancement is the advent of metabolic engineering in recombinant microorganisms, which has shown a great promise in establishing scalable industrial systems 38 . As with most processes, the successful commercialization of recombinant biomolecules produced by genetically engineered microbes is highly dependent on the production yield of the system 39 . This has led to the rapid development of "brute force" genetics 39 , where directed evolution of biocatalytic enzymes has been implemented in order to improve biocatalyst activity 3 . However, for certain metabolic pathways, such as redox pathways, mere biocatalyst improvement is not sufficient to influence economization of production owing to the significant effect of other essential reaction requirements, such as expensive cofactors. Scale-up of such a system, even with improved biocatalysts, will only serve to increase production costs. Thus, additional strategic methods are required for the commercialization of bioreactions involving stoichiometric ratios of cofactors. In addition, the recyclability of a biocatalyst is also necessary for improving the economic feasibility of a bioprocess. To overcome the limiting effect of rapid cofactor consumption and poor reusability of whole-cell biocatalysts, we have previously developed an immobilized, coupled whole-cell biocatalytic system for cofactor regeneration and stable re-use 16 . Described in the present study are the experimental procedures required to couple and co-immobilize two whole-cell biocatalysts for improved biotransformation yield and reusability, along with the representative results.
A critical factor to be considered for coupling the whole-cell biocatalysts is the maintenance of a precise control over the conditions established for protein induction and biocatalytic product formation to ensure reproducibility of the system. Variations in parameters like induction OD 600 , induction time, and IPTG concentration should be avoided to minimize batch-to-batch variation. Additionally, re-evaluation of the cell-to-cell ratio is required for different biotransformations. Note that the E. coli HjLAD :E. coli SpNox ratio of 1:1 reported in this study was determined by experimental optimization rather than the theoretical stoichiometric ratio. For immobilization of the recombinant whole-cell biocatalysts in calcium alginate beads, there are several critical steps to ensure uniformity with regard to the bead rigidity and distribution of cells. Firstly, the alginate solution must be prepared by slowly adding sodium alginate into water, and not vice versa to prevent clumping that could affect the local alginate concentration and thus the extent of cross-linking. Secondly, gentle pipetting should be employed when handling the cell-alginate suspension to avoid the formation of air bubbles, which inflict shear stress on the encapsulated cells, impede efficient mass transfer and can even cause the beads to float. In case air bubbles are introduced into the suspension, allow the cell-alginate suspension to stand undisturbed for 20 -30 min to let the bubbles escape. Thirdly, when making the beads, the cell-alginate suspension must be added slowly and carefully in a drop-wise manner into a sufficient volume of calcium chloride solution for uniform size and morphology. Beads submerged incompletely in calcium chloride will have an irregular shape and poor rigidity that can contribute to cell leakage. Lastly, to avoid variability in the reaction volume from residual wash buffer, the beads in Step 4.8 can be lightly blotted with filter paper (do not air dry).
Common strategies for cofactor regeneration include co-culture of cells harboring functionally complementary enzymes and co-expression of these enzymes in the same cell. The described system employs a different strategy of coupling separate E. coli SpNox and E. coli HjLAD cell cultures, offering a better control in maintaining a desired ratio between the two enzymes. Additionally, cells expressing single proteins are subjected to less stress than those co-expressing multiple proteins, which could lead to reduced protein misfolding and increased protein expression 40, 41 . Thus, direct whole-cell coupling presents the ability to mediate multi-enzyme catalytic processes without significantly compromising product yield. However, established strategies such as careful selection of bacterial promoters with varying strength 42, 43 and improvements in ribosome binding sites 44 can be employed to mitigate the limited control over the ratio of target enzymes in co-culture or co-expression systems. Among the many immobilization techniques, encapsulation presents multiple advantages for immobilizing whole-cell biocatalysts over alternative methods such as cross-linking and adsorption, which are more suited for purified enzymes. Encapsulation of cells can also be performed in a variety of biomaterials like agar, chitosan, gums, carrageenan, gelatin and alginate 45 for improving the reusability of the biocatalysts. However, calcium alginate encapsulation has been shown to be the most effective approach with respect to immobilization efficiency and biomolecule production 46, 47 .
One major limitation of utilizing bacterial whole-cell biocatalysts is the minimal ability for post-translational modification of heterologous proteins in wild-type E. coli 48 . This restricts the successful use of eukaryotic biocatalysts within this system. An alternative to overcome this limitation could be the use of organisms such as yeast that are better equipped with eukaryotic post translational machinery. Another limitation of the described system is related to the use of immobilization for improved reusability. Immobilization is a common cost-effective strategy employed to counteract the poor stability of biocatalysts and improve their turnover rate by simplifying the bioprocess [49] [50] [51] . The main parameters that affect the catalytic performance of encapsulated whole-cell biocatalysts include sodium alginate concentration, CaCl 2 concentration, cell loading and bead size. It is important to recognize that these parameters are not independent from each other. As such, a comprehensive analysis of all factors within a single study is very time-consuming, thus it is necessary to select the most crucial parameters for optimization. Evaluated and presented here are the effects of two parameters, sodium alginate and CaCl 2 concentration. Although not discussed in detail here, we have previously performed the optimization of cell loading, comparing the dependence of yield on the weight of cells immobilized 16 . Reports in literature indicate that variation of bead size could also modulate the production yield by increasing enzyme encapsulation, improving activity via increased surface area of the immobilized system or by changing the diffusion of substrates and products due to altered transport properties. Depending on the biocatalytic reactions under consideration, selection of alternate critical factors may be required, which could lead to the generation of a different set of optimal conditions. A detailed study for establishment of optimal conditions for additional parameters provides scope for the further improvement in performance of the coupled whole-cell system. In summary, we report the experimental implementation of a coupled whole-cell biocatalytic system immobilized in calcium alginate beads, illustrating the improved production of L-xylulose. By expressing different recombinant enzymes that facilitate other cofactor dependent biocatalytic pathways, high yields of many biologically relevant molecules can be obtained using the protocol described here. In addition, this system can be expanded to accommodate more than two recombinant biocatalysts for one-pot multi-enzyme biosynthesis of products 52 and applications other than biocatalytic production, such as microbial biosensors for biochemical oxygen demand 53 . Taking advantage of the synergistic feature of this system, encapsulation of symbiotic microbial consortia can be used for a myriad of applications such as bioremediation [54] [55] [56] , whole-cell bioprocessing for biofuels 57 , plant growth promotion by soil bioaugmentation 58 and biomining for metal recovery 59 . Taken together, the strategies of cofactor regeneration, multi-cell coupling and biocatalyst immobilization described herein can be used as a promising platform for improved production of important biomolecules pursued by others in the field.
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